The dynamic behaviour of block masonry minaret of a historical mosque in Istanbul is analyzed, and a seismic retrofit method is proposed. Due to high seismicity of the region, a 3D finite element model is used to determine lateral displacements and failure modes under seismic load. The analyses show that the highest damage usually occurs at the base and the lower part of the minaret, and that lateral behaviour can be improved by strengthening these sections with fiber reinforced polymer (FRP) sheets. The results obtained are promising in terms of seismic protection.
Introduction
Earthquakes rank among the most important natural threats in Turkey and in other earthquake-prone regions worldwide. As Turkey is located in one of the most seismically active regions of the world, it is quite understandable that a considerable attention is given to the problem of seismic protection of historical heritage. Structural engineers always find the analysis and design of such structures quite challenging, especially because of highly complex behaviour of materials these structures are formed of. The problem becomes even more complex when dynamic behaviour is included in the analysis. The earthquakes that occurred in the northwest of Turkey on 17 August 1999 (Kocaeli EQ, M w = 7,5) and 12 November 1999 (Düzce EQ, M w = 7,2) caused considerable casualties, damage and structural failure of various buildings, including many minarets and mosques. Much older historical structures also experienced different levels of damage during major earthquakes that occurred in a more distant past. Some significant events from Ottoman Era are earthquakes that occurred in 1556 and 1894. In fact, after the 1894 Istanbul earthquake, 69 minarets in the city were reported damaged, and 30 of them actually collapsed.
Thanks to advancements made in the dynamic testing of structures, and in development of computational methods in structural analysis, significant results have been achieved in the study of mechanical behaviour of historic structures [1, 2, 3, 4, 5, 6, 7, 8] . These studies are crucial not only from the point of view of protection, but also for analysis of ground motion that occurred during past earthquakes. Within this framework, dynamic properties of old masonry minarets, which usually exhibit vulnerable behaviour under seismic load, are investigated.
Two minarets of Dolmabahce Mosque in Istanbul are presented in Figure 1 . The one situated at the west side of the mosque is actually considered in the paper. The Dolmabahce Mosque, built during Ottoman Empire in 1855 near the Dolmabahce Palace, is characterized by neo-classical and baroque architectural style. The mosque is located to the south of Dolmabahce Palace, on the European side of the Bosphorus Strait. Two minarets rising from the eastern and western sides of the mosque exhibit a strong mixture of baroque and rococo styles. Although both minarets are practically identical, the west-side minaret has preserved its original form, while the other one was recently restored. This study mainly focuses on the west-side minaret, so that the real mechanical behaviour of the structural system (Figure 1 ) can be determined. The minaret footing is made of very thick stone blocks, and is connected with the exterior wall of the mosque. It can be identified as a slender cantilever structure. The lower part, from bottom to the gallery, is formed of the wall envelope, stairs and the core. In this segment, the thickness of the masonry wall decreases along the height. The interior of the upper part, from gallery to the top of minaret, is empty and has no practical use. Here, the wall thickness is constant along the entire height. Balconies are mostly used for prayers, which creates a mass concentration along the minaret's height, and affects its dynamic structural response [1] . This part is narrower when compared to the bottom part of the minaret. The conical top of the minaret is made of zinc-coated timber (Figure 1 ).
The understanding of dynamic behaviour of masonry minarets is of great significance for proper preservation and strengthening/ retrofitting of historical monumental structures. During a case study conducted earlier on the same minarets by a research team from the Istanbul Technical University, micro tremor measurements were conducted, and a finite element model of the minaret based on shell elements was prepared using the SAP2000 software. In its conclusion, the study provides model analysis results and proposes mechanical properties of the structural system [1]. Sezen et al. discuss vulnerability of and damage to 64 masonry and reinforced-concrete minarets after the 1999 Kocaeli and Duzce earthquakes, and investigate seismic response of reinforced-concrete minarets [7] . In 2008, Dogangun et al. analyzed and evaluated behaviour of unreinforced masonry minarets subjected to dynamic earthquake load [8] . In this study, the dynamic behaviour of a representative minaret made of natural block stone is investigated using a finite element software [9] . The structure is modelled and examined using the response spectrum analysis described in the TSC -Turkish Seismic Code [10] .
Description of minaret structure
As shown in Figure 1 , the 40.25 m high minaret is formed of the following segments: base (4.25 m), transition segment (1 m), cylindrical body (26 m), and wooden cap (9 m). The outer diameter and thickness of the cylinder differ in each part of the minaret. The minaret wall thickness is 30 cm at the lower part, and this thickness gradually comes down to 21 cm at the upper part of the minaret, i.e. the thickness reduces by 1 cm for each 2m of the height. At the base, the outer diameter and thickness of the wall are 3 m and 0.8 m, respectively, while in the lower part they are 2 m and 0.3 m, in the balcony part 1.8 m and 0.2 m and, finally, in the upper part 1.78 m and 0.19 m, respectively [1] . During construction of the minaret, the limestone (also known as kufeki stone or maktarali limestone) was used for all the structures forming the Dolmabahce Mosque. Later on, during renovation of the mosque, numerous material tests were performed on limestone specimens taken from residues of old historical structures and ancient quarries near Istanbul. The final report on limestone samples was published in 2000 by Istanbul Technical University. Typical mechanical properties of kufeki stone are given in Table 1 [ it was assumed that the elastic modulus to compressive strength ratio is E/f c = 720, where f c = 12,3 MPa (minimum compressive strength of kufeki stone) is the value taken from Table 1 . The ratio of modulus of elasticity to the compressive strength of material, 720, is taken from a previous experimental study in which mechanical properties of kufeki limestone were extensively tested. According to this study, the typical uniaxial compressive strength to uniaxial tensile strength ratio ranges from 11 to 12 [11, 12, 13, 14] .
Dynamic analysis of structure and evaluation of results
The 3D finite element model, developed to study dynamic behaviour of the minaret, is shown in Figure 2 . The model includes spiral stone-made stairs, which are fixed to external minaret walls. The dead load of the wooden cap (upper part of minaret) is uniformly distributed along the top of minaret wall.
As to boundary conditions, the base of the minaret is considered as a fixed support. As can be seen in Figure 1 , the base part of the minaret is connected with the thick external wall of the mosque, which is why no soil-structure interaction, nor rotation of minaret base, were taken into account. The linear elastic material behaviour is assumed in the structural model, while the changes in stiffness are neglected. It is assumed that minaret is located in a highly seismic region with weak soil . In order to simulate possible elastoplastic behaviour of the minaret, it is assumed that the seismic load reduction factor (factor R) for masonry minarets amounts to 2 according to [10] , while the behaviour factor q (similar to factor R) for masonry tower walls according to Eurocode 8, Part 6, Annex E [16] amounts to 1,5. The 2% damping ratio is assumed for the dynamical analysis of such structures. The second order effect (P-delta) is ignored in the analysis. Dynamic analysis of the minaret model is carried out using the response spectrum defined in [10] . The design response spectrum determined for Z4 type soil, with 2% damping for the highest seismic activity in Turkey, is presented in Figure 3 . This figure also shows spectral properties of previous major earthquakes recorded in 1999 in soft soil conditions. As can be seen, the design response spectrum determined according to [10] is comparable with spectra based on recorded accelerations.
The first five modal periods of the minaret model (determined through modal analysis), and contribution of individual modes to dynamic response, are presented in Table 2 . The fundamental period of the minaret obtained through modal analysis is very similar to that obtained through ambient vibration measurements. The first four modes greatly contribute to the overall response, with the first one participating with as many as 34% in the total response. The torsional mode (5 th mode) has practically no effect on the response of the minaret. Micro tremors caused by ambiental vibrations were measured on the minaret structure, and the fundamental frequency of 0,88 Hz and the period of 1,136 sec were obtained [1] . In this study the first period amounted to 1,21 s ( Table 2 ). The 6 % difference can be assumed as negligible for practical design purposes.
Lateral displacements at the top of the minaret, calculated during the response spectrum analysis, are shown in Figure 4 . The maximum calculated displacement was 199 mm for the design spectrum corresponding to Z4 type soil conditions (soft soil). The deflected shape of the minaret points to mostly lateral flexural deformations, with largest displacement calculated at the roof. The height of minaret roof amounts to 31,25 m, not including the wooden cap. Although the minaret acts as a cantilever structure, the deformation is smaller over the height of a relatively stiff 4,25 m high base. Displacements start to increase above the transition segment at about 5,25 m in height.
No instructions of direct relevance to assessment/retrofit of slender tower structures made of block stone masonry can be found in Turkish or other seismic codes. Although the Turkish earthquake code is mainly focused on houses and buildings, its basic provisions can nevertheless be used to assess seismic capacity of minaret structures. The calculated roof drift index (d/h) amounts to 0,0063, which is less than the value of 0,01 specified in [10] as maximum roof drift ratio for building structures. In FEMA 273 guidelines, 0,4 % limit drift (bed Figure 5. Axial tensile stress distribution over the minaret height (in MPa) [6] joint sliding behaviour) is proposed for preventing collapse of unreinforced masonry walls (for walls made of hollow or solid bricks, and clay/concrete units) [17] . It can be seen from previous studies investigating causes of post-earthquake failure of minarets that most of masonry minarets usually fail at the bottom part of the cylindrical body, just above the transition zone [7] . For the minaret considered in this study, the maximum stress values determined through FEM analysis amount to -11,32 MPa (compression), 9,20 MPa (tension) i 0,72 MPa (shear), as shown in Figures 5 and 6 . Tensile stresses greatly exceed the tensile strength capacity of the limestone, the maximum capacity of which is estimated at 1,0 MPa [9] . High tensile stresses mainly occur in lower segments of the minaret, which is why its structure is highly susceptible to seismic load. In addition, in terms of roof drift, the design value of 0,0065 (199 mm of roof displacement) is higher when compared to similar types of slender masonry structures. Under these circumstances, it is clear that historic structures of this type are greatly vulnerable to strong seismic action. On the other hand, the seismic resistance of such structures additionally decreases because of complex behaviour of stone material, and due to interaction between stone blocks. Furthermore, when conducting any structural intervention of this kind, it is highly significant to preserve initial appearance of the structure.
Structural strengthening with fibre reinforced polymer
The FRP (fiber reinforced polymer) has been increasingly used over the past decade for seismic strengthening of historical structures. The potential for using FRP jacketing to increase flexural and shear capacity of structures was therefore investigated. As can be seen in Figures 5 and 6 , the lower part of minaret -just below and above the transition zone -shows weak points in terms of axial and shear stresses. It seems that the use of FRP in these critical zones is an easy and viable strengthening/retrofitting procedure. The full anchorage of FRP material to the stone masonry should be accomplished either by using dowels/anchors while jacketing, or by connecting FRP to foundations of the structure. According to results obtained during structural upgrading of masonry columns by fibre composites, the following equation may be used to calculate the compressive strength capacity of the lower part of the minaret, when fully wrapped with FRP sheets [18, 19, 20] : The following parameters are used to calculate compressive strength increase for masonry material after the FRP sheets are wrapped around the minaret; f md =12 MPa, g m =2300 kg/ m 3 , E f =200000 MPa, e fd =0.004, t f =10 mm, b f = 500 mm, D = 3000 mm i p f =500 mm. The compressive strength of masonry confined in this way may amount to as much as 25 MPa. This capacity is higher than the compressive stresses obtained during analysis, but the tensile strength of the crosssection is still lower when compared to calculated values. The minaret base bending moment resulting from response spectrum analysis amounts to 5200 kNm, and the total axial load of the minaret amounts to 1920 kN. Therefore, longitudinal reinforcement in form of FRP strips should be added to FRP jacketing so as to further increase flexural capacity of the cross-section. For this purpose, a cross-section analysis was performed using the XRACT software [21] for cross-section of the lower part of minaret, using the following assumptions: f m =25 MPa, E frp =200000 MPa, maximum assumed tensile strain of FRP in a given cross-section e max = 0,01, total thickness of FRP strip is 10 mm, and tensile strength of CFRP strips (CFRP -Carbon Fiber Reinforced Polymer) is 2800 MPa. After reinforcement, the diameter of the lower part of the minaret was increased to 3020 mm. The cross-section of the lower part of minaret, wrapped transversally and reinforced longitudinally by FRP, is shown in Figures 7 and 8 . The assumed stress-strain diagram of masonry material is also shown in these figures. Figure 9 and 10 show the assumed stress-strain diagram of masonry material reinforced by FRP, and the stress-strain diagram for CFRP material [18, 19] . The moment-curvature diagram of the FRP reinforced masonry section is shown in Figure 11 , where it can also be seen that the calculated flexural capacity of the minaret complies with requirements.
Conclusions
This paper presents possible failure modes for a typical historic minaret located in Turkey. The results obtained from ambient vibrations, and previous material tests cited in the paper, show Figure 11 . Moment-curvature diagram for reinforced section of the lower part of minaret [6] improve aesthetic appearance of minaret. Results of numerical analysis show that greatest damage usually occurs at the base and lower parts of the minaret, and that lateral behaviour of the structure could be improved by wrapping FRP strips around these critical parts of cross-section. The results obtained may be used for solving problems relating to seismic protection of these and similar historic structures.
Notation -compressive strength of masonry -modulus of elasticity of masonry material -the strength of confined masonry -characteristic compressive strength of plain masonry -specific weight of masonry (kg/m 3 ) -modulus of elasticity of FRP -ultimate design strain for FRP -thickness of FRP -width of FRP strips along the vertical direction fibers are supposed at 90° with respect to the principal axis of the column -diameter of the masonry column -distance between two successive FRP strips measured by two axes Seismic Behaviour and Retrofit of Historic Masonry Minaret that the behaviour under seismic action can be predicted quite accurately, and that that the mentioned measurements can be used in the assessment of these minarets. The analysis has shown that stability of minarets can be guaranteed in case of a design earthquake (10% probability of incidence in 50 years, strong earthquake) by strengthening those parts of the structure that are most susceptible to damage (base and lower part of the structure). The 3D analysis presented in the paper enables assessment of structural behaviour of minarets subjected to seismic action, with determination of failure mode, and definition of possible failure zones. Additional investigations should be undertaken to determine those design response spectra that are particularly adapted to this type of structures. More realistic values of R factor (seismic reduction factor) and damping ratio should be studied both experimentally an analytically. On the other hand, full anchorage between the stone masonry and FRP layers should be ensured. The problem can be solved by using dowels/anchors or by fixing longitudinal FRP strips to minaret foundations. However, attaching FRP to stone masonry may cause moisture problems due to impermeability of FRP layers. Necessary precautions should be taken to ensure proper conservation of historic structures. Low fire resistance of FRP material may be increased by using thin concrete/mortar cover or coating which would also
